In this study, a three-dimensional numerical model for a pile-cap system of an offshore bridge is developed to examine the pile group effect on wave force of pile with different arrangements of the pile group with a pile-cap system. In the present model, the Reynolds-averaged Navier-Stokes equation is taken as the governing equation for wave motion, while the volume of fluid method is used to trace the free water surface. Based on the present model, a set of analysis was conducted to examine the influence of the pile-cap system on the pile group effect, including the arrangement of the pile group, the submerged depth of the bridge cap, and the existence of the cap. Numerical examples show that the present model overall agreed well with the previous experimental data. The existence of the cap and submerged coefficient of the cap have a significant influence on the pile group effect coefficient. During the study of the pile group effect on the wave force of a pile with a pile-cap system of an offshore bridge, the influence of the existence of the cap on the pile group effect needs to be considered.
Introduction
In recent years, pile foundations have been commonly used in deep-water long-span offshore bridge construction due to their low cost, convenient construction, and structural efficiency [1] [2] [3] . The pile-cap system commonly found in these large-scale offshore bridge engineering environment is built by a group of piles with a large-scale cap on top of them. The pile-cap system mainly consists of a group of piles with different arrangements and a concrete cap connecting the piles. Most of the piles and caps are often submerged in the water, thus, the design of long-span offshore bridges need to consider the wave forces on piles with different arrangements of the pile-group and the existence of the large-scale cap.
The wave forces on a pile are significantly influenced by the arrangements of the pile-group, which is commonly divided into three kinds of basic arrangements according to the angle between the wave direction and the connecting line of the piles' center, which includes tandem, stagger, and side-by-side. The method to investigate the pile group effect on the wave forces on the pile is usually classified in two ways the wave forces coefficient method and the wave forces method. The former method is based on the Morison equations [4] . Chakrabarti [5, 6] investigated the drag and mass coefficients versus the Keulegan-Carpenter parameter through the wave tank test and presented a function to calculate the wave forces of the KC number and gap. Smith and Haritos [7, 8] also proposed that the drag and inertia coefficients are a function of Keulegan-Carpenter parameter and the gap between the surface of two neighboring piles. The latter method was applied by Mindao et al. [9] , Li et al. [10] , and Bonakdar et al. [11, 12] . Mindao et al. [9] proposed two equations to estimate the interference parameter and shelter parameter for the side-by-side and tandem arrangements of the pile group. Both of the parameters were expressed by the force ratio, which is the ratio of the wave forces on a slender pile in a pile group versus the wave forces on a single pile. It was found that the wave characteristics and water depth have no influence on the two parameters in the research conducted by [9] . Li et al. [10] introduced the significant pile group effect to evaluate the pile-group effect versus different KC parameters. They also found that the pile-group effect under the wave-current interaction condition was smaller than the wave only. Bonakdar et al. [11] proposed new formulae to estimate the pile-group effect parameter based on the M5Mt-GP model. They extended the research scope to the wave forces on the pile group under the breaking waves through a large number of small-scale laboratory tests [12] .
All studies mentioned above were focused on the pile-group only, but the cap and pile are always simultaneously submerged in the water in a real offshore bridge environment. Due to the large-scale of the cap, the wave forces on the piles are significantly influenced by the cap thus, the pile-group effect must have a significant difference with the above studies. Hence, the study of the pile group effect on wave forces of the pile with the existence of a cap should have some useful references to the design and construction of the offshore bridge with the pile-cap system.
In this study, a three-dimensional numerical model for pile-cap system for an offshore bridge is developed to examine the pile group effect on wave force of pile with different arrangements of the pile group with pile-cap system. The detail size of the pile-cap system for the offshore bridge is referenced from the Ping-tan offshore bridge located on the east coast of China. In the present wave-structure model, the Reynolds-averaged Navier-Stokes equation combined with k-ε turbulence model are taken as the governing equation for wave simulation, while the volume of fluid (VOF) method is used to trace the free water surface. Compared with the previous studies, this paper has taken the influence of the pile-cap system on the wave field into account, because the forms of the pile-cap system have a significant effect on the pile group effect on the wave forces of pile. Most previous studies are limited to two dimensions, although three dimensions should be taken into consideration.
First, the feasibility and performance of the wave-structure interactions model is illustrated in the simulation of wave forces on piles with various pile group arrangements. The data obtained with the experiment and numerical simulation show that the wave-structure model works correctly in simulating the wave forces on the structure. Then, based on the present model, a set of analyses was conducted to examine the influence of the pile-cap system on the pile group effect, including the arrangement of the pile group, the submerged depth of the bridge cap, and the existence of the cap.
Theoretical Formulations
In this paper, the incompressible fluid motion due to the wave and pile-cap system interaction can be described by RANS equation, including mass conservation and momentum conservation equations.
The sketch of wave and pile-cap system interaction model is illustrated in Figure 1 , where W = 14 m is the length of the cap, B = 7.7 m is width of the cap, h = 3 m is the height of the cap, D is the diameter of the pile, h 1 is the submerged depth of the cap, d is the water depth of the numerical wave tank and submerged coefficient Cs = h 1 /h, a positive value of Cs implies that the cap are submerged in the water and a negative value of Cs implies that the caps are above the free water surface. pile group. Both of the parameters were expressed by the force ratio, which is the ratio of the wave forces on a slender pile in a pile group versus the wave forces on a single pile. It was found that the wave characteristics and water depth have no influence on the two parameters in the research conducted by [9] . Li et al. [10] introduced the significant pile group effect to evaluate the pile-group effect versus different KC parameters. They also found that the pile-group effect under the wave-current interaction condition was smaller than the wave only. Bonakdar et al. [11] proposed new formulae to estimate the pile-group effect parameter based on the M5Mt-GP model. They extended the research scope to the wave forces on the pile group under the breaking waves through a large number of small-scale laboratory tests [12] . All studies mentioned above were focused on the pile-group only, but the cap and pile are always simultaneously submerged in the water in a real offshore bridge environment. Due to the large-scale of the cap, the wave forces on the piles are significantly influenced by the cap thus, the pile-group effect must have a significant difference with the above studies. Hence, the study of the pile group effect on wave forces of the pile with the existence of a cap should have some useful references to the design and construction of the offshore bridge with the pile-cap system.
The sketch of wave and pile-cap system interaction model is illustrated in Figure 1 , where W = 14 m is the length of the cap, B = 7.7 m is width of the cap, h = 3 m is the height of the cap, D is the diameter of the pile, h1 is the submerged depth of the cap, d is the water depth of the numerical wave tank and submerged coefficient Cs = h1/h, a positive value of Cs implies that the cap are submerged in the water and a negative value of Cs implies that the caps are above the free water surface. 
Wave Model
The wave is generated by adding a source function into the momentum conservation equation, and the incompressible water motion can be described by the RANS equations, mass conservation, and momentum conservation equations
in which x i is the Cartesian coordinate, u i and p i are the ensemble averaged velocity and the pressure of the fluid field, respectively. ρ is the fluid density, t is time, g i is the acceleration of gravity, and S i is a source term. τ ij is the stress tensor including the viscous stress and the Reynolds stress, which can be expressed by Equation (3)
in which ν is the dynamic viscosity, and ρ(u i u j ) is the Reynolds stress term, which is modeled by the k-ε turbulent model [13, 14] . By applying the eddy stress assumptions, the Reynolds stress term can be estimated by
where µ t is the turbulence viscosity, k is the turbulence kinetic energy, δ ij is the Kroneker delta. Based on Equations (3) and (4), Equation (2) can be written as
where µ eff = µ + µ t is the total effective viscosity. The k-ε turbulence model can be expressed as [13] ∂ρk ∂t
in which k is the turbulent kinetic energy and ε is the dissipation rate of turbulent kinetic energy.
, and C ε2 are constant values and these constant values in this model are calibrated by comprehensive data fittings for a wide range of turbulent flows [14] : C µ = 0.09, σ k = 1.00, σ ε = 1.30, C ε1 = 1.44, and C ε2 = 1.92. In order to track the free water surface, the volume of fluid (VOF) method proposed by Hirt and Nichols [15] is used in this study. This method introduces a function F at the center of the cells to describe the fractional of the water fluid ∂F ∂t
where F = 1 or 0 represent a cell fully occupied by water or air, respectively. Hence, the free surface is the cell with values of 0 < F < 1. The RANS equations were solved by the two-step method proposed by Bussmann et al. [16] , discretization with the finite volume method (FVM). The computational domain is divided into a set of structure meshes.
Boundary Conditions
To solve the RANS equations, several approximate boundary conditions will be applied, which include the inlet boundary condition, outlet boundary condition, solid surface boundary condition, and the boundary condition at the free surface of water.
(1) Inlet boundary condition: nonlinear wave is generated in the inlet boundary based on the source terms wave-maker method proposed by Choi and Yoon [17] . The wave propagates to the right of the computational domain. (2) Outlet boundary condition: A pressure outlet is given to the right of the computational domain.
In order to make the wave propagate out of the outlet boundary without significant reflection and avoid interference with the current, a sponge layer was adopted before the outlet boundary with the width of a wavelength. The sponge layer method proposed by Wu [18] through adding the absorb function that was applied to the vertical velocity component to reduce the vertical velocities when the wave traveled into the sponge layer. (3) Boundary condition at the water surface: The actual pressure at the free surface of water should be equal to the atmospheric pressure and the relative pressure (p) at the free surface of water should be zero. The condition of zero surface tension as below should be satisfied ∂k ∂n
(4) Solid surface boundary condition: At the bottom of the computational domain and the surface of the cap the no-slip boundary is adopted and the turbulence properties are obtained from the law of the wall boundary condition.
Convergence of the Mesh
Different size of meshes were tested to ensure the sensitivity and accuracy of the mesh solutions in simulating the wave and pile-cap system interaction problem. A set of mesh sizes was conducted by improving the mesh system until no significant changes in the simulation results. Figure 2 illustrates the maximum horizontal wave forces (F H * = F Hmax /DρgH) on piles versus different mesh sizes (express by total numbers of mesh), in which F H * is the relative horizontal wave force and F Hmax is the real maximum horizontal wave force. During this test, the water depth d = 30 m, wave height H = 2 m, wave period T = 6 s, and the diameter of the pile D = 1.8 m. The time-step in this manuscript is 0.01 s. As shown in Figure 2 , the mesh sizes adopted in this study are feasible enough to satisfy the computational accuracy. where F = 1 or 0 represent a cell fully occupied by water or air, respectively. Hence, the free surface is the cell with values of 0 < F < 1. The RANS equations were solved by the two-step method proposed by Bussmann et al. [16] , discretization with the finite volume method (FVM). The computational domain is divided into a set of structure meshes.
Boundary Conditions
In order to make the wave propagate out of the outlet boundary without significant reflection and avoid interference with the current, a sponge layer was adopted before the outlet boundary with the width of a wavelength. The sponge layer method proposed by Wu [18] through adding the absorb function that was applied to the vertical velocity component to reduce the vertical velocities when the wave traveled into the sponge layer. (3) Boundary condition at the water surface: The actual pressure at the free surface of water should be equal to the atmospheric pressure and the relative pressure (p) at the free surface of water should be zero. The condition of zero surface tension as below should be satisfied
Convergence of the Mesh
Different size of meshes were tested to ensure the sensitivity and accuracy of the mesh solutions in simulating the wave and pile-cap system interaction problem. A set of mesh sizes was conducted by improving the mesh system until no significant changes in the simulation results. Figure 2 illustrates the maximum horizontal wave forces (FH* = FHmax/DρgH) on piles versus different mesh sizes (express by total numbers of mesh), in which FH*is the relative horizontal wave force and FHmax is the real maximum horizontal wave force. During this test, the water depth d = 30 m, wave height H = 2 m, wave period T = 6 s, and the diameter of the pile D = 1.8 m. The time-step in this manuscript is 0.01 s. As shown in Figure 2 , the mesh sizes adopted in this study are feasible enough to satisfy the computational accuracy. 
Model Validation
In this section, the RANS model will be validated by comparing with the previous experimental data [12] available in the literature.
The validation is to compare the model with laboratory experimental data [12] for the case without the cap under wave forces. In the experiment, the force and moment transducers were used to measure the wave force and wave moment on the measured pile, which is 5 cm in diameter. The line force was measured by a ring transducer at a certain elevation of water (z/h = 0.78). An acoustic Doppler velocimeter was used to capture the wave-induced horizontal flow velocity at this certain elevation. In this paper, two kinds of pile group arrangements, including side-by-side and tandem, were selected to make a comparison and the sketch of the two kinds of arrangements is illustrated in Figure 3 . The KC number KC = u max T/D, where u max is the maximum horizontal wave-induced flow velocity at a certain elevation of water (z/h = 0.78), T is the wave period, and D is the diameter of the pile. The pile group effect was evaluated by the pile-group effect coefficient K G = f Group /f Single , where f Group are the line forces on the pile with a group of piles measured by the ring transducer, and the f Single is the wave force on a single pile under the same wave conditions. The detailed explanation of the laboratory experiment can be seen in Bonakdar et al. [12] .
Challenges
The validation is to compare the model with laboratory experimental data [12] for the case without the cap under wave forces. In the experiment, the force and moment transducers were used to measure the wave force and wave moment on the measured pile, which is 5 cm in diameter. The line force was measured by a ring transducer at a certain elevation of water (z/h = 0.78). An acoustic Doppler velocimeter was used to capture the wave-induced horizontal flow velocity at this certain elevation. In this paper, two kinds of pile group arrangements, including side-by-side and tandem, were selected to make a comparison and the sketch of the two kinds of arrangements is illustrated in Figure 3 . The KC number KC = umaxT/D, where umax is the maximum horizontal wave-induced flow velocity at a certain elevation of water (z/h = 0.78), T is the wave period, and D is the diameter of the pile. The pile group effect was evaluated by the pile-group effect coefficient KG = fGroup/fSingle, where fGroup are the line forces on the pile with a group of piles measured by the ring transducer, and the fSingle is the wave force on a single pile under the same wave conditions. The detailed explanation of the laboratory experiment can be seen in Bonakdar et al. [12] . simulations were same as the laboratory experiment. Figures 4 and 5 show the relationship between the pile group effect KG and KC number for side-by-side and tandem arrangements with SG/D = 1, respectively, where SG represents the gap between the surface of two neighboring piles. Both of the figures show good agreement between the numerical simulation and laboratory experimental data. It can be concluded from the comparison that the present model can provide a sufficient accreted prediction of wave forces on structures. 
Model Validation Results and Discussions
In this section, the present model will be applied to examine the pile group effect under the wave and pile-cap system interaction with different arrangements of the pile group, SG/D numbers, and submerged coefficients.
The parameters used in the following numerical examples are listed in Table 1 unless they are specified in detail. 
Pile Group Effect for the Existence of a Cap
It is expected that the existence of the cap can affect the wave-induced forces on the pile through changing the flow conditions around the connecting part between the cap and pile. Therefore, it is essential to give a particular comparison to explain the influence of the cap on the wave-induced forces on the pile. 
Model Validation Results and Discussions
In this section, the present model will be applied to examine the pile group effect under the wave and pile-cap system interaction with different arrangements of the pile group, S G /D numbers, and submerged coefficients.
Pile Group Effect for the Existence of a Cap
It is expected that the existence of the cap can affect the wave-induced forces on the pile through changing the flow conditions around the connecting part between the cap and pile. Therefore, it is essential to give a particular comparison to explain the influence of the cap on the wave-induced forces on the pile.
Figures 6 and 7 illustrate the distributions of the flow velocity field around the pile without the cap and the connection part between the cap and pile, respectively. Here, wave height H = 2 m, wave period T = 6 s, and the submerged coefficient Cs = 1 and SG/D = 1. As is shown in Figures 6 and 7 the existence of the cap significantly influenced the flow velocity field around the connection part between the cap and pile. Furthermore, due to the complex geometry of the cap, the velocity fields around the connection part changed unpredictably. Thus, the wave forces on the pile with a cap must have a significant difference from that of the pile without a cap.
A set of numerical simulations was conducted to evaluate the variation of the pile group effect for the pile-cap system under different kinds of arrangements of pile group versus various KC numbers. The pile group effect was evaluated by the pile-group effect coefficient KG = fGroup/fSingle, where fGroup are the forces on the pile with a group of piles, and the fSingle is the wave force on a single pile under the same wave conditions. The KC number KC = umaxT/D, where umax is the maximum horizontal wave-induced flow velocity calculated at an elevation of the water surface, T is the wave period, and D is the diameter of the pile. Two different kinds of pile group arrangements, including side-by-side and tandem, were used in this section. Figures 8 and 9 illustrate the variations of the pile group effect versus various KC numbers with side-by-side and tandem arrangements of the pile group, respectively. In the situation of the tandem arrangement of the pile group, there are two pile supporting the cap, while the side-by-side arrangement has three piles. The measured pile is the middle one in the side-by-side arrangement and the last one in the tandem arrangement of the pile group. The detailed wave parameters are listed in Table 2 for the five cases. Here, SG/D = 1. As is shown in Figures 6 and 7 the existence of the cap significantly influenced the flow velocity field around the connection part between the cap and pile. Furthermore, due to the complex geometry of the cap, the velocity fields around the connection part changed unpredictably. Thus, the wave forces on the pile with a cap must have a significant difference from that of the pile without a cap.
A set of numerical simulations was conducted to evaluate the variation of the pile group effect for the pile-cap system under different kinds of arrangements of pile group versus various KC numbers. The pile group effect was evaluated by the pile-group effect coefficient K G = f Group /f Single , where f Group are the forces on the pile with a group of piles, and the f Single is the wave force on a single pile under the same wave conditions. The KC number KC = u max T/D, where u max is the maximum horizontal wave-induced flow velocity calculated at an elevation of the water surface, T is the wave period, and D is the diameter of the pile. Two different kinds of pile group arrangements, including side-by-side and tandem, were used in this section. Figures 8 and 9 illustrate the variations of the pile group effect versus various KC numbers with side-by-side and tandem arrangements of the pile group, respectively. In the situation of the tandem arrangement of the pile group, there are two pile supporting the cap, while the side-by-side arrangement has three piles. The measured pile is the middle one in the side-by-side arrangement and the last one in the tandem arrangement of the pile group. The detailed wave parameters are listed in Table 2 for the five cases. Here, S G /D = 1. From both of the figures, we have concluded that the existence of a cap has a great influence on the pile group effect coefficient, which also means that the cap brings a very large change in the flow regime around the pile group. Figure 8 shows that with the increase of the KC number, the pile group effect coefficient KG increases with the existence of the cap. Without the cap, the pile group effect coefficient KG remains nearly unchanged versus different KC numbers. The smallest value of the pile group effect when the KC number is equal to 5.5 possibly caused by the ratio of the structure size and the wave length. Figure 9 illustrates that the pile group effect coefficient KG first decreases and then increases with the increment of the KC number, which has a large difference with the situations than without the cap. This is because the presses area of the group piles' foundation with a cap is much larger than that without a cap, which make the wave forces on the group piles' foundation with a cap larger than that without a cap. Thus, during the study the pile group effect on the wave force of the pile with a pile-cap system of an offshore bridge, the influence of the existence of the cap on the pile group effect needs to be considered.
Pile Group Effect for Different Submerged Depths of the Cap
In this section, five types of submerged coefficients of the cap from 0 to 2, with an interval of 0.5, were selected to evaluate the variations of the pile group effect with the side-by-side arrangement. Here, wave height H = 3 m, wave period T = 8 s, water depth d = 30 m, and SG/D = 1. Figure 10 illustrates the variations of the pile group effect versus various submerged coefficients of the cap with different arrangements of the pile group. From both of the figures, we have concluded that the existence of a cap has a great influence on the pile group effect coefficient, which also means that the cap brings a very large change in the flow regime around the pile group. Figure 8 shows that with the increase of the KC number, the pile group effect coefficient K G increases with the existence of the cap. Without the cap, the pile group effect coefficient K G remains nearly unchanged versus different KC numbers. The smallest value of the pile group effect when the KC number is equal to 5.5 possibly caused by the ratio of the structure size and the wave length. Figure 9 illustrates that the pile group effect coefficient K G first decreases and then increases with the increment of the KC number, which has a large difference with the situations than without the cap. This is because the presses area of the group piles' foundation with a cap is much larger than that without a cap, which make the wave forces on the group piles' foundation with a cap larger than that without a cap. Thus, during the study the pile group effect on the wave force of the pile with a pile-cap system of an offshore bridge, the influence of the existence of the cap on the pile group effect needs to be considered.
In this section, five types of submerged coefficients of the cap from 0 to 2, with an interval of 0.5, were selected to evaluate the variations of the pile group effect with the side-by-side arrangement. Here, wave height H = 3 m, wave period T = 8 s, water depth d = 30 m, and S G /D = 1. Figure 10 illustrates the variations of the pile group effect versus various submerged coefficients of the cap with different arrangements of the pile group.
increases with the increment of the KC number, which has a large difference with the situations than without the cap. This is because the presses area of the group piles' foundation with a cap is much larger than that without a cap, which make the wave forces on the group piles' foundation with a cap larger than that without a cap. Thus, during the study the pile group effect on the wave force of the pile with a pile-cap system of an offshore bridge, the influence of the existence of the cap on the pile group effect needs to be considered.
In this section, five types of submerged coefficients of the cap from 0 to 2, with an interval of 0.5, were selected to evaluate the variations of the pile group effect with the side-by-side arrangement. Here, wave height H = 3 m, wave period T = 8 s, water depth d = 30 m, and SG/D = 1. Figure 10 illustrates the variations of the pile group effect versus various submerged coefficients of the cap with different arrangements of the pile group. It is easily concluded from Figure 10 that the tendency of the change of the pile group effect is similar between the side-by-side and tandem arrangements of the pile group versus different submerged coefficients of the cap. The pile group effects are more sensitive to the side-by-side It is easily concluded from Figure 10 that the tendency of the change of the pile group effect is similar between the side-by-side and tandem arrangements of the pile group versus different submerged coefficients of the cap. The pile group effects are more sensitive to the side-by-side arrangement than the tandem arrangement. This is because the presses area of the side-by-side arrangement is much larger than that the tandem arrangement. Another observation from Figure 10 is that the difference of the pile group effects between the pile group foundation with a cap and the pile group foundation without a cap decreases with the increment of the submerged coefficient.
Based on the numerical results, the tandem arrangement is suggested in engineering practice, since the wave forces on the side-by-side arrangement is much larger than that on the tandem arrangement.
Conclusions
In this paper, a three-dimensional wave-structure interaction numerical model is established to explore the pile group effect on the wave force of a pile with different arrangements of the pile group under various KC numbers, and the influence of the existence of the cap on the pile group effect was also discussed. Based on the investigations, we conclude:
(1) As shown in the validations, the proposed model agrees well overall with previous experimental data under the same wave conditions; (2) The velocity fields around the pile have a significant change with the existence of the cap. Due to the complex geometry of the cap, the velocity field around the cap between the pile and the pile-cap system are quite different. Thus, the investigation of wave forces on the pile with a cap is meaningful for offshore bridge engineers to design the bridge with the pile-cap system; (3) The existence of the cap has a significant influence on the pile group effect coefficient, during the study of the pile group effect on the wave force of the pile with a pile-cap system of an offshore bridge, the influence of the existence of the cap on the pile group effect needs to be considered; (4) The side-by-side arrangement is more sensitive to the submerged coefficient of the cap than the tandem arrangement.
